D ental pulp is a soft, connective tissue present naturally within the tooth core. 1 Dental pulp stem cells (DPSCs) are postnatal cells present in the dental pulp tissue with stemness capacity. Cell stemness is defined as the capacity of undifferentiated cells to undergo an indefinite number of replication and differentiation to specialized cells. 2 Dental pulp stem cells have significant potential as a source of adult stem cells for human tissue engineering. 3 The regenerative applications of DPSCs include: pulp tissue regeneration as an alternative approach to conventional root canal therapy, bone tissue regeneration in oral maxillofacial surgery and craniofacial anomalies, and as an alternative source for nerve tissue regeneration. 4 The first report of DPSC isolation using physical straining of enzymatically processed pulp tissue was published by Gronthos et al. 5 Subsequently, several reports of DPSC isolation, characterization, and cryopreservation were published by different investigators worldwide. [6] [7] [8] [9] [10] However, some questions regarding the clinical practice of DPSC isolation remain unanswered. For example, what is the minimum weight of pulp tissue needed to yield sufficient cells for culturing in vitro? Are DPSCs always present in the dental pulp of extracted teeth? What is the differentiation capacity of DPSCs after cryopreservation? Answering these questions is essential because isolating DPSCs can be laborious, time-consuming, and expensive due to the risk of contamination and the small amount of tissue gained from a single tooth. The objective of the current study was to investigate the viability and differentiation capacity of DPSCs isolated from a single donor after 2 years of cryopreservation. Inclusion criteria were volunteer patients <30 years of age scheduled for tooth extraction, and without a history of medical illness. Exclusion criteria were patients with rampant caries or aggressive periodontitis. A signed written consent form was obtained from all volunteering patients.
Isolation, differentiation, cryopreservation of DPSCs. Each tooth was disinfected by brushing the crown for 30 seconds in 2 mL of chlorhexidine gluconate (Corsodyl®). The tooth was then bathed in saline before it was soaked in Listerine® for 30 seconds. Pulp tissue collection is shown in Figure 1 .
The weight of the collected samples from each patient was recorded before tissue processing under a laminar flow hood. Then, pulp tissue was minced with a scalpel into cubes <2 mm 2 and transferred to a 15 mL centrifuge tube. Enzymatic digestion was performed for 20-45 minutes in a shaking incubator at 37°C using 1 mL of collagenase type 1 (250 units/mg, Gibco) freshly mixed with 1 mL of dispase (5000 caseinolytic units in 100 mL, BD Bioscience, Oxford, UK). The enzymatic digestion was terminated by adding 4 mL support while using a diamond disc to create a 360˚ grove at 2 mm depth under the cemento-enamel junction. B) The crown was separated from the root (arrows) with minimum debris by wedging the chisel in the groove and applying gentle force with a hammer. C) The medium was changed every 4 days. Samples that showed successful cell growth were passaged every 4 to 6 days using 0.25% trypsin-Ethylenediaminetetraacetic acid (Gibco).
Before passage 4, cell characterization and differentiation were carried out using a modification of the protocol published by Vishnubalaji et al. 11 The colony forming unit assay was performed in triplicate in 6 cm dishes at a seeding density of 2.5 × 10 3 cells per dish. Cells were incubated for 2 weeks at 37°C in 5% CO 2 . Then, the cells were fixed with 1% paraformaldehyde for 10 minutes, washed with phosphate-buffered saline (PBS), and stained with 0.5% crystal violet (SigmaAldrich, St. Louis, MO, USA) for 5 minutes. Finally, the cells where washed with PBS to remove excess stain before being evaluated under an inverted light microscope. Aggregates of 40-50 cells were considered a colony.
Antibodies against CD146, CD73, CD29, HLA-DR (phycoerythrin-conjugated mouse anti-human), CD34, CD90, CD45, CD13, CD31 (fluorescein isothiocyanate-conjugated mouse anti-human), CD105, CD14, and CD44 (allophycocyanin-conjugated mouse anti-human) were obtained from BD Biosciences (San Diego, CA, USA). A confluent culture flask from each sample was selected randomly and incubated with the above antibodies and appropriate isotype controls as per the manufacturer's instructions. Cells were analyzed using a FACSCalibur instrument and CellQuest Pro software version 3.3 (BD Biosciences).
Immunofluorescence staining was performed after culturing cells (2 × 10 4 cells/cm 2 ) in an 8-chambered slide until they reached 80% confluency. Cells were fixed using acetone/methanol for 10 minutes at 20°C, washed with PBS, and blocked with 3% bovine serum albumin for 30 minutes. Six chambers were incubated for 2 hours at room temperature with a primary antibody against vimentin (BD Biosciences) diluted in PBS (1:100). The remaining 2 chambers were used as controls and filled with PBS. After washing the cells 3 times with PBS, the secondary antibody (goat polyclonal anti-mouse IgG, Abcam, Cambridge, MA, USA) conjugated to fluorescein isothiocyanate (1:4000), was added to all chambers and incubated in the dark for one hour at room temperature. Cells were then washed with PBS, mounted with VectaShield, stained with 4',6-diamidino-2-phenylindole (DAPI) as a nuclear dye, and examined using an inverted fluorescence microscope (Leica, ScanScope Console Controller 10.0.01805; Aperio Technologies, Vista, CA, USA).
In vitro osteogenic and adipogenic differentiation was performed in 6-well plates seeded with 0.05 × 10 6 cells/well. For each differentiation assay, 4 plates were used. Each plate had 3 test wells (one for RNA isolation and 2 for staining) and 3 control wells. Once the cells reached 80% confluency, osteogenic induction medium (DMEM supplemented with 10% FBS, 1% Pen-Strep, 50 µg/mL L-ascorbic acid (Wako Chemicals, Neuss, Germany), 10 mM β-glycerophosphate, 10 nM calcitriol, and 10 nM dexamethasone (SigmaAldrich)), or adipogenic induction medium (DMEM supplemented with 10% FBS, 10% horse serum, 1% Pen-Strep, 100 nM dexamethasone, 0.45 mM isobutyl methylxanthine, 3 µg/mL insulin (Sigma-Aldrich), and 1 µM rosiglitazone (BRL49653, Novo Nordisk, Bagsvaerd, Denmark)) were added to the assigned plates.
Osteogenic differentiation was determined by staining osteoblasts for alkaline phosphatase. At the end of the induction periods (days 3, 7, 14, and 21), the cells were fixed with acetone/citrate buffer for 5 minutes at room temperature. Alkaline phosphatase substrate solution (Sigma-Aldrich) was added for one hour at room temperature in the dark. Cells were counterstained immediately with Mayers hematoxylin for 5 minutes and evaluated using an inverted light The cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature, and then rinsed with 3% isopropanol. Oil Red-O staining solution was then applied for one hour at room temperature, followed by Mayer's hematoxylin counterstain. The cells were examined using an inverted light microscope.
Reverse transcription with the real-time quantitative polymerase chain reaction (RT-PCR) was performed to evaluate the relative expression of specific osteogenic and adipogenic genes by the differentiated cells. Ribonucleic acid was isolated from osteogenic and adipogenic plates using a Pure Link RNA isolation kit (Invitrogen). After RNA quantification using a Gene Quant II spectrophotometer, cDNA was synthesized from the isolated RNA according to the manufacturer's instructions (Transcriptor First Strand cDNA Synthesis Kit, Roche). Real-time quantitative polymerase chain reaction was carried out using the Power SYBR® Green PCR Master Mix kit (Applied Biosystems, Bleiswijk, The Netherlands) with the primer sequences presented in Vishnubalaji et al. 11 Cycling parameters included pre-incubation at 95°C for 15 seconds, annealing and extension at 60°C for one minute, and finally a melting curve analysis by raising the temperature to 95°C for 15 seconds followed by cooling at 4°C for 5 minutes.
After characterization of the DPSCs, the remaining cells were cryopreserved for 2 years. Cryovials contained 1 × 10 6 cells in 1 mL of DMEM with 20% FBS, 1% Pen-Strep, and 10% dimethyl sulfoxide. Vials were cooled stepwise by immediate transfer to a -20°C freezer for 20 minutes, then into a -80°C freezer for 4 days, and finally into liquid nitrogen. After 2 years, cryovials were thawed by adding DMEM medium with gentle aspiration. The collected cells were centrifuged at 200 g for 5 minutes and cultured.
Post-thaw culturing and differentiation of DPSCs. Post-thaw DPSCs from passage 3 were cultured until passage 6. Osteogenic and adipogenic differentiation was then performed as described in the cell characterization section. In vitro odontogenic differentiation was performed as described for osteogenic differentiation except that the induction medium did not include 10 nM calcitriol. The alkaline phosphatase assay and Alizarin Red S staining were carried out to evaluate the mineralized cell layer in osteogenic and odontogenic induction wells. Oil Red O staining was carried out at days 3, 7, 14, and 21 to evaluate adipogenic differentiation. Chondrogenic differentiation was assessed using the pellet culture technique. Subconfluent cells from passage 6 of post-thaw DPSCs were released by trypsin-EDTA (0.25%, Gibco), counted, and used to generate a micromass culture. Briefly, 0.5 × 10 6 cells were centrifuged at 200 g for 5 minutes at 4°C in 15 mL polypropylene conical tubes. The resulting pellets were cultured up to 50 days. Control cultures were grown in advanced DMEM/F12 (Gibco) with 1% Pen-Strep. To induce chondrogenic differentiation, control medium was supplemented with 100 µg/ µL transforming growth factor-β1 and 0.2 µL/mL dexamethasone. Cultures were carried out in triplicate in a humidified atmosphere containing 5% CO 2 . The medium was changed every 2 days. Pellets at days 0, 35, and 50 were fixed in 4% formaldehyde in PBS for one hour and embedded in paraffin. Paraffin sections were stained with Masson's trichrome and Toluidine blue, and analyzed using an inverted light microscope.
Post-thaw DPSCs were cultured until the cells reached senescence. Three 25-cm 2 culture flasks were seeded with 0.25 × 10 6 DPSCs and cultured in the same setting. The cells were passaged every 4 days or when cell confluence reached 75%. Then, cell viability and counts were carried out using a Vi-CELL viability analyzer (Beckman Coulter) for each culture flask. In every passage, new culture flasks were used to seed 0.25 × 10 6 DPSCs from the previous passage until cells reached senescence.
Statistical comparisons between the cell lines until senescence were performed using a univariate analysis of variance and Tukey HSD, Kruskal-Wallis post-hoc test with Statistical Package for Social Sciences version 22.0 (IBM, Chicago, IL, USA). A p-value of less than 0.05 was considered significant.
Results. The current study included 17 teeth from 11 different individuals. Extracted teeth were disinfected and the pulp tissue was collected between 2 and 72 hours' post-extraction. In vitro culturing was not successful when the processed sample weighed less than 0.2 gram or when the processing time was greater than 24 hours. Six of 11 samples yielded cells that were cultured in vitro. Three lines out of these 6 (S2, S3, S13) were identified as DPSCs.
Collecting dental pulp tissue from 2 teeth provided approximately 0.2 gram of tissue that initially yielded a few cells appearing between 2 and 8 days of culture. Once the cells reached confluence, passaging of the attached cells resulted in rapid multiplication. The colony forming efficiency was 9-12% at the second passage. At passage 4, every cultured sample yielded 10±2 × 10 6 cells after 25 ± 7 days in primary culture. Differentiation of dental pulp stem cells were positive (Figure 2A) for the mesenchymal stem cell markers CD105, CD90, CD73, CD13, CD29, and CD44, and were negative for the hematopoietic and endothelial markers CD34, CD45, CD14, and CD31, as well as for the MHC class II marker HLA-DR.
Immunocytochemical staining showed that test (DPSCs) and control cells in all chambers had a positive reaction to DAPI, while only DPSC chambers were positive for vimentin (Figures 2B-2C) . After osteogenic induction, DPSCs were positive for alkaline phosphatase staining compared with the control. This staining was evident as early as 3 days after induction, with some samples showing a progressive increase in alkaline phosphatase over time (Figures 3A-3B) , and others reaching a peak at day 7. The emergence of Alizarin Red S staining appeared later compared to alkaline phosphatase staining. Complete mineralization was achieved by day 14 (Figures 3C-3D) , and was maintained up to day 21. Adipogenic induction of DPSCs was mild with few Oil Red O-positive droplets. Real-time quantitative polymerase chain reaction revealed that osteogenic differentiation resulted in a significant increase in alkaline phosphatase (~45-fold) and RUNX-2 (~7-fold) gene expression, which were highest at day 7 (Figures 3E-3F ). Both osteocalcin (~21-fold) and osteopontin (~7-fold) exhibited progressive increases in expression, with the highest amounts seen on day 21. Adipogenic markers showed a similar progressive increase in gene expression. Peak expression was evident on day 21 for adiponectin (~37-fold), PPAR-γ2 (~10-fold), and activated protein-2 (~100-fold).
After 2 years of cryopreservation, thawed DPSCs had 85% viability. In post-thaw DPSCs, the alkaline phosphatase assay showed that osteogenic induction was greatest, followed by odontogenic induction (Figures 4A-4B) . Control cells had the lowest alkaline phosphatase activity. Alizarin Red S staining showed more calcified nodules in osteogenic-induced cells, followed by odontogenic-induced cells (Figures 4C-4D) . Adipogenic-induced cells were positive for Oil Red O stain as early as 7 days post-induction and maintained in day 21 compared to control (Figures 4E-4F) .
At days 35 and 50 after induction of chondrogenic differentiation, post-thaw DPSCs demonstrated the formation of essential cartilage matrix proteins, such as proteoglycans, that were stained with Toluidine blue (Figure 5A ). Masson's trichrome was used to detect formation of the extracellular cartilage matrix (Figure 5B ). There was no significant difference in cell count (p=0.451), and the days (p=0.053) until senescence between the 3 DPSC lines (Figure 6 ). Dental pulp stem cells reached senescence in the study condition between 59-70 days.
Discussion. Isolating DPSCs for dental tissue regeneration research was first reported in 2000 by Gronthos et al 5 without details on how the teeth were disinfected. Subsequent studies, 12,13 used a disinfection protocol composed of several washes in sterile saline, followed by 1% polyvinylpyrrolidone-iodine, 0.1% sodium thiosulfate, and final immersion in Listerine® antiseptic. Recently, chlorhexidine gel was used in a similar manner. 9 In the current study, effective tooth disinfection used a combination of chlorhexidine gluconate and Listerine® mouthwashes, both of which are easily accessible and safe to use.
Removing dental pulp from the enclosed hard dental tissue is challenging. There is a risk of overheating or incorporation of hard tissue debris during cutting. Details on how the pulp tissue was removed were not included in previous reports describing the isolation of DPSCs, 9,12-14 except for the detailed technique published in 2011 by Gronthos et al. 15 Their technique is similar to the approach used in the current study. Enzymatic digestion was the major obstacle in the current study because prior reports did not indicate the amount of dental pulp tissue used during this step. 5, 16 In addition, several different enzymes or combinations of enzymes at different concentrations were reported. While Gronthos et al 5 used 3 mg/mL of type I collagenase and 4 mg/mL of dispase for 30-45 minutes, others have used various combinations and different time intervals. [17] [18] [19] Because the aim of our study was to isolate DPSCs from a single donor, we used dental pulp tissue from one or 2 teeth extracted in outpatient clinics to obtain sufficient tissue for processing. The amount of pulp tissue from a single tooth was small. Therefore, adjusting the enzymatic digestion procedure was mandatory. The protocol we developed was designed to digest 0.2 gram of dental pulp tissue, which approximated the amount collected from 2 teeth. Viable cells were successfully cultured from 6 samples; the unsuccessful samples had tissue weights <0.2 gram and no viable cells were observed after tissue digestion. Adjusting the enzymatic digestion step, or using an explant culture, might be alternatives for the successful culturing of DPSCs from a single tooth. Viable cells from pulp tissue were cultured successfully in DMEM containing 20% FBS without the addition of growth factors such as platelet-derived growth factor, transforming growth factor-β, or fibroblast growth factor. 19, 20 In our study, cell clusters were evident beginning 2-8 days after initial culturing, which was similar to Liu et al. 21 Tooth disinfection and culturing in 1% Pen-Strep medium were adequate to prevent contamination.
Differentiation of dental pulp stem cells have been sorted using magnetic beads 5, 15 and flow cytometry. 9, 12, 22 In the current study, we used flow cytometry and showed that 3 out of 6 samples were positive for mesenchymal stem cell markers and negative for hematopoietic and endothelial cell markers, as well as for a MHC class II marker. The stromal surface markers expressed by our cell lines were in agreement with previous studies. 12, 23, 24 The lack of mesenchymal stem cell markers in the other dental pulp cell lines could be due to the small number of stem cells that could not be identified using the current technique, or due to the lack of stem cells in the samples. This should be investigated in future studies. Multipotent differentiation potential is a minimal criterion for defining multipotent mesenchymal stromal cells. 23 Therefore, osteogenic and adipogenic differentiation capacities were verified using PCR before cryopreservation. The results of the alkaline phosphatase assay and Alizarin Red S stain for osteogenic induction were similar to Ponnaiyan et al. 25 The osteogenic differentiated samples showed significant increases in alkaline phosphatase, and the expression of osteopontin, osteocalcin, and RUNX-2, compared to the negative control. This was similar to previous reports. 5, 26, 27 Adipogenic differentiation was induced through the application of dexamethasone-containing media according to the protocol of Vishnubalaji et al. 11 Oil Red O staining and the weak expression of adipocytespecific transcripts were also in agreement with previous studies. 24, 28, 29 There are previous reports on human DPSCs cryopreserved for 7 days, 30 3 months, 31 and one year. 32 Another study reported on preserved rat DPSCs. 33 This is the first study showing successful cryopreservation of human DPSCs for 2 years. The viability of the thawed cells was 85%, and the differentiation capacity was not compromised by cryopreservation. Woods et al 13 recommended 2 × 10 6 cells/mL for optimum cryopreservation. However, in our study, we successfully cryopreserved 1 × 10 6 cells/mL. Distributing DPSCs in more cryovials during cryopreservation provides more samples for future clinical applications.
The differentiation capacity of post-thaw DPSCs was positive to staining tests and similar to staining tests performed on the same cell lines when first isolated 2 years earlier. However, quantitative comparisons 34 and PCR analyses are needed to detect any changes in differentiation capacity after long term cryopreservation. The DPSC lines isolated in the current study were cultured until senescence. Theoretically, cells with stemness capacity should have indefinite self-renewal. 2 However, this was not observed during this study. One explanation would be the culturing environment and how DPSCs were plated in vitro. 35 This aspect should be investigated in future studies.
This study was limited to establishing a protocol to isolate DPSCs in Saudi Arabia. For that reason, the number of included subjects was limited, the selected teeth were sound with no caries. In addition, the materials and methodology were adopted from protocols used to isolate stem cells from bone marrow and adipose tissue. Therefore, future studies should include a larger number of subjects and carious teeth with a customized technique.
In conclusion, DPSCs are a source of adult stem cells that can be obtained with no associated morbidity/ mortality. Isolating DPSCs from a single donor requires adequate pulp tissue and not present in every tissue sample as presented in Table 1 .
